The architecture of the chromatin fiber, which determines DNA accessibility for transcription and other template-directed biological processes, remains unknown. Here we investigate the internal organization of the 30-nm chromatin fiber, combining Monte Carlo simulations of nucleosome chain folding with EM-assisted nucleosome interaction capture (EMANIC). We show that at physiological concentrations of monovalent ions, linker histones lead to a tight 2-start zigzag dominated by interactions between alternate nucleosomes (i ؎ 2) and sealed by histone N-tails. Divalent ions further compact the fiber by promoting bending in some linker DNAs and hence raising sequential nucleosome interactions (i ؎ 1). Remarkably, both straight and bent linker DNA conformations are retained in the fully compact chromatin fiber as inferred from both EMANIC and modeling. This conformational variability is energetically favorable as it helps accommodate DNA crossings within the fiber axis. Our results thus show that the 2-start zigzag topology and the type of linker DNA bending that defines solenoid models may be simultaneously present in a structurally heteromorphic chromatin fiber with uniform 30 nm diameter. Our data also suggest that dynamic linker DNA bending by linker histones and divalent cations in vivo may mediate the transition between tight nucleosome packing within discrete 30-nm fibers and self-associated higher-order chromosomal forms.
T
he DNA in eukaryotic chromatin is packed and functionally regulated by histones and nonhistone architectural proteins (1) . The primary packing level is represented by an array of repeating units, the nucleosomes, where the DNA is wound around histone octamers (2) . Further compaction is achieved through a hierarchy of folding levels, including the 30-nm chromatin fiber (secondary level) and more compact and self-associating tertiary and quaternary forms whose structures are unknown (3) (4) (5) (6) . Because DNA conformation in chromatin and nucleosome packing are intimately connected to DNA/protein recognition and gene regulation, there has been intense interest in understanding chromatin structure, energetics, and dynamics. Some experimental studies have suggested that nucleosomal arrays fold in a zigzag arrangement with relatively straight linkers and a 2-start nucleosome interaction pattern that brings each nucleosome in proximity to its second nearest neighbor (7) (8) (9) (10) consistent with chromatin fibers observed in situ (11) . Other evidence suggests that chromatin condensed with linker histones and divalent cations such as Mg 2ϩ can form either zigzag structures with various nucleosome topologies (12, 13) or solenoid-like arrangements. The latter class of structures has bent DNA linkers and predominant interactions between either nearest neighbor nucleosomes (14, 15) and/or between every fifth or sixth nucleosome along the chain (16, 17) .
The picture has became more complex recently with our heightened appreciation for the influence of structural details such as linker DNA length variability and the presence of linker histones on the resulting fiber architectures. For example, the Rhodes group showed that fiber compaction is both repeat length and linkerhistone dependent (18) . Analyses of known structures by the Rippe group (19, 20) also suggested the large impact of nucleosome geometry on fiber compaction and the possible role of linker histones in converting between 2 fiber forms. Their systematic Monte Carlo simulations also support the notion that nucleosome interdigitation explains higher order chromatin structure and that the nucleosome repeat length affects the internal structure of the chromatin fiber. Other innovative modeling and simulation approaches for chromatin have explored various aspects of chromatin structure (21) (22) (23) (24) (25) .
Here we examine by complementary innovative computational and experimental approaches the effect of linker histones and Mg 2ϩ ions on the internal structure of physiologically compact chromatin. The modeling approach involves Monte Carlo simulations of a coarse-grained ''mesoscale'' chromatin model that accounts for important structural and energetic components whereas still making oligonucleosome simulations computationally feasible (26) (27) (28) (29) . Because experimental observations emphasize the polymorphic and irregular nature of chromatin fiber in vitro and in vivostemming from linker DNA flexibility, rotational flexibility of DNA in the nucleosome core, and flexible histone tails that interact with the DNA and counterions within as well as between the nucleosomes (11, 30)-our mesoscale modeling approach uniquely takes into account histone-tail flexibility, linker-histone electrostatics and orientation, Mg 2ϩ -induced electrostatic screening, and linker-DNA bending at physiological conditions, as well as thermal fluctuations and entropic effects. A summary of the model and extensive applications to monovalent salt-dependent folding/ unfolding dynamics and energetics and histone tail effects are provided in the SI Text; see also (31) . The experimental technique EM-assisted nucleosome interaction capture (EMANIC) uses formaldehyde cross-linking to fix a limited number of internucleosome contacts in the condensed state, after which the chromatin is decondensed at low salt, and transmission EM is applied to provide a quantitative assessment of nucleosome-to-nucleosome contacts. Formaldehyde cross-links protein-protein and protein-DNA interactions within 2 Å and may involve the side-chain nitrogens of histones and the exocyclic amino and the endocyclic imino groups of DNA (32) . It thus allows us to probe chromatin structure without preliminary chemical modification and without a bias for sitespecific nucleosome interactions.
The modeling and experimental approaches presented here produce remarkably similar results that lead us to suggest a detailed mechanism by which linker histone and Mg 2ϩ combine to establish the internal organization of a chromatin fiber. Compared with oligonucleosome species with neither linker histones nor divalent ions (ϪLHϪMg), oligonucleosomes with linker histones (ϩLHϪMg) constrict the linker-DNA entry-exit angle and tighten a 2-start zigzag arrangement of nucleosomes; with both linker histones and divalent ions (ϩLHϩMg), the increased electrostatic screening promotes linker DNA bending and their enhanced packing within the chromatin fiber. The resulting nucleosome interaction pattern-predominantly 2-start zigzag interspersed by interactions between nearest-neighbor nucleosomes via bent DNA-also suggests that the increased bending of linker DNA initially promotes compact and rigid longitudinal packing of the 30-nm fiber within the 2-start zigzag architecture and may lead to higher-order forms that underlie the condensed heterochromatin of terminally differentiated cells and metaphase chromosomes.
Results
Experimental and Modeling Analysis of Nucleosome Array Compaction. Nucleosome arrays of 12 residues with 207 bp repeats that mimic the nucleosome repeat in chicken erythrocytes have been widely used in multiple biochemical and biophysical studies (see e.g., 30, 33, 34) . Our 12-nucleosome arrays featuring the nucleosome positioning sequence of clone 601 DNA (35) contained linker DNA with either uniform (207 ϫ 12) or varied lengths in a fixed pattern (205 -207 -209) ϫ 4, thus mimicking the natural variation in nucleosome repeat length of Ϯ2 bp (36, 37) . The nucleosome positions and complete saturation of the nucleosome templates by histone cores were confirmed by micrococcal nuclease mapping (Fig. S1 ) and EM ( Fig. 1 A and B and Fig. S2 a and b) . Both the uniform and variable ϪLHϪMg, ϩLHϪMg, and ϩLHϩMg nucleosome arrays produce similar compaction at 150 mM NaCl or 1 mM MgCl 2 and similar sedimentation velocities at low salt (10 mM Na ϩ ) and as determined by EM (Fig. 1 C- (33, 38) .
Mesoscopic modeling of the same 3 species of 207 ϫ 12 oligonucleosomes ( Fig. 1 H-J ) reveals a striking resemblance to the oligonucleosome diameters and shapes observed by EM. The calculated sedimentation values from the ensemble average using the Kirkwood-Bloomfield formulation (28, 39) and fiber packing ratios (Table 1) further underscore the dramatic effect of LH and Mg 2ϩ on the condensation of chromatin. LH alone causes significant compaction of oligonucleosomes at low monovalent salt (from 30S to 44S and from 2.5 to 3.5 nucleosomes/11 nm of fiber) and physiological salt (from 39S to 49S and from 4.0 to 7.0 nucleosomes/11 nm). Mg 2ϩ causes further compaction of the oligonucleosomes (to 53.5S and 8.2 nucleosomes/11 nm).
Overall, good agreement is obtained between the modeling and sedimentation experiments for ϪLHϪMg arrays and ϩLHϪMg arrays at low salt; at physiological salt, the changes predicted by modeling for ϩLHϪMg arrays are in qualitative agreement with experiments ( Table 1 ). The somewhat smaller compaction values than ϳ10 nucleosmes/11 nm previously reported for chromatin fibers with similar DNA linker length by EM of Mg 2ϩ -compacted chromatin (17) and computational modeling (13, 19) are likely because of sampling limitations and neglected internucleosomal interactions [e.g., hydrogen bonding between histone surfaces (40)]. Both our approaches, however, yield a similar (5S) increase in sedimentation constant with Mg 2ϩ ions. More generally, in silico and in vitro experiments confirm that linker histone and divalent cations are both required for maximal packing of nucleosome arrays with repeat lengths typical of higher eukaryotes (16, 31) . For short linker DNA, the requirement for condensation may be different because Mg 2ϩ ions alone lead to dramatic compaction. This was found by modeling and EMANIC investigations of 167 ϫ 12 chromatin systems: Corresponding ϪLHϪMg arrays displayed a dramatically stronger Mg 2ϩ -dependent compaction relative to 207 ϫ 12 systems in terms of sedimentation (52S vs. 37S; interactions between nucleosome cores i and j along the chromatin chain (29) . The interaction-intensity matrices IЈ(i, j) ( Fig. 2 A-C) describe the fraction of time (configurations) that nucleosome pairs interact with one another (i.e., approach within 80% of Van der Waals radii) through all interactions involving the histone tails; the associated plots further decompose these interactions into i Ϯ k neighbors (Fig. 2 D-F) . The patterns obtained for the 3 species of oligonucleosomes predict how the fiber morphology changes upon the addition of LH and Mg 2ϩ and allow comparison with experimental findings and other published models. In the classic 6-nucleosome-per-turn solenoid model (14) , nucleosome interactions are predicted to involve mostly i Ϯ 1 and i Ϯ 6; for 2-start zigzag-based structures (9, 10) dominant interactions are at i Ϯ 2; and for interdigitated solenoid models (16, 17) strongest interactions at i Ϯ 5 or i Ϯ 6 are predicted ( Fig. 2 G-I ). Our modeling predicts that without LH and Mg 2ϩ , the fiber is extended and i Ϯ 2 interactions dominate, as expected for 2-start zigzag arrangements, whereas i Ϯ 3 interactions are weaker ( Fig. 2 A and D) . Adding LH enhances the zigzag folding, promotes dominant i Ϯ 2 interactions and increases other short-ranged interactions, up to i Ϯ 6 ( Fig. 2 B and E) . The enhanced i Ϯ 2 interactions reflect the substantial LH-induced compaction, bringing alternate nucleosomes closer together as in zigzag structures (Fig. 2H) ; this enhancement of short-range internucleosomal interactions stiffens the fiber and eliminates the long-range interactions present without LH (cf. Fig. 2 A and B) . Importantly, Monte Carlo simulations of ϩLHϪMg chromatin converge to the same zigzag structure when started from 4 different oligonucleosome configurations (2 variants of zigzag and 2 different solenoid structures; Fig. S3 ).
Adding Mg 2ϩ to LH-compacted chromatin fiber model leaves the i Ϯ 2 interactions dominant but raises nearest-neighbor (i Ϯ 1) and i Ϯ 3 interactions (Fig. 2 C and F) , suggesting linker DNA bending (Fig. 2 J) . The interaction pattern also becomes more intense at the main diagonal and the fiber stiffens, also consistent with other experiments (30) . For the ϩLHϩMg species, results represent averages of 2 main ensembles (see SI Text).
Our modeling also predicts an average internucleosomal interaction energy of Ϫ1.9 kcal/mol per interacting nucleosome pair, computed as the average electrostatic contribution from ensemble histone tail/nonparent nucleosome interactions only. However, this value cannot be directly compared with energies extracted from force-extension measurements of LH-inclusive chromatin in monovalent salt [Ϫ2 kcal/mol (41) and high salt (Ϫ8 kcal/mol) in high Mg (15) conditions (2 mM Mg 2ϩ )] that account for additional interactions and dissipative effects not counted and treated in our mesoscale model.
Internucleosomal Interactions Mapping by EMANIC. Partial formaldehyde cross-linking of nucleosomes interacting in condensed chromatin (Fig. 3A) with subsequent EM imaging (Fig. 3 B-S) provides an empirical evaluation of the internucleosome patterns. When ϪLHϪMg arrays are cross-linked in the unfolded state at 5 mM NaCl or at 150 mM NaCl (Fig. 4A) there are no significant changes in the number of loops (i Ϯ Ͼ1) from the noncross-linked control. In contrast, cross-linking in the presence of 1 or 4 mM MgCl 2 significantly (P Ͻ 0.005) increases the proportion of i Ϯ 2 interactions (Fig. 4B) , consistent with the dominant 2-start zigzag topologies of chromatin fibers compacted by Mg 2ϩ in the absence of linker histones (9) . Without cross-linking, ϩLHϪMg arrays show a significantly smaller number of loops than ϪLHϪMg arrays (Fig. 4C) , demonstrating that linker histone itself does not promote loop formation. However, when cross-linked at 150 mM NaCl, the ϩLHϪMg arrays produce a significant (P Ͻ 10 Ϫ4 ) 3.2-fold increase in i Ϯ 2 interactions (Fig. 4D) , consistent with a 2-start zigzag arrangement of nucleosome cores as predicted by modeling (Fig. 5) .
When ϩLHϩMg (1 mM Mg 2ϩ ) arrays are cross-linked, the relative frequency of i Ϯ 2 is similar to that in NaCl-condensed chromatin, but there is a significant (P Ͻ 0.02) 1.4-fold increase in the proportion of i Ϯ 1 interactions over the noncross-linked level (Fig. 4D) . EM (Fig. 3 J-M) also shows that i Ϯ 1 and i Ϯ 2 interactions are interspersed within single ϩLHϩMg arrays. This is consistent with increased structural heterogeneity of nucleosome linkers and their propensity to bend in the presence of Mg 2ϩ ion as predicted by the modeling (Fig. 2 J) . An additional EMANIC experiment with LH-arrays in the presence of 1 mM Mg 2ϩ plus 150 mM Na ϩ showed a very similar pattern of nucleosome interactions confirming promotion of i Ϯ 1 interactions by Mg 2ϩ (Fig. S4A) . To account for possible longer-ranged interactions that could be missing from the relatively short 12-unit arrays, we also conducted EMANIC experiments with 24-unit nucleosome arrays. The unfolded 24-unit arrays showed a significantly increased number of long-range nucleosome loops under EM in a good agreement with the increased cross-fiber interactions in long (Fig. 5A ) vs. short (Fig.  1H) arrays, as also predicted by modeling. The increased length and conformational flexibility hindered precise detection of all 24 nucleosomes in most cases. Nevertheless, the apparent loop sizes resolved for 24-unit nucleosomes reveal the same pattern of interactions as in 12-unit systems (Fig. S4B) .
Variable (205 -207 -209) ϫ 4 oligonucleosome arrays show very similar cross-linking patterns to uniform arrays for all salt conditions tested (Fig. 4 E-H ) with significant increases both in i Ϯ 1 (P Ͻ 2 ϫ 10 Ϫ5 ) and i Ϯ 3 (P Ͻ 2 ϫ 10 Ϫ3 ) in 1 mM MgCl 2 compared with NaCl-condensed chromatin. Thus, for both regular and variable arrays our data support a chromatin fiber structure with predominant interactions between alternate nucleosomes along a 2-start zigzag path (i Ϯ 2) that becomes interspersed with i Ϯ 1 and i Ϯ 3 contacts in the presence of both linker histones and divalent ions.
Probing Tertiary Chromatin Structure by EMANIC. With increased Mg 2ϩ concentration, nucleosomal arrays undergo reversible self-association (42) attributed to the formation of global tertiary chromatin structures (4). When ϩLHϩMg arrays are crosslinked at 4 mM MgCl 2 (where the material was completely self-associated: Fig. S4C ), unfolded in a low-salt buffer, and then examined by EM, a dramatic increase in the proportions of both i Ϯ 1 interactions (ϳ2.1-fold, P Ͻ 0.01) and i Ϯ 3 loops (2.4-fold, P Ͻ 0.02) compared with NaCl-condensed chromatin is seen (Fig. 4D ). This occurs with both uniform and variable arrays (Fig. 4H) .
To distinguish short-range nucleosome interactions from those that might originate from extended histone tail contacts, after nucleosome interactions have been fixed by formaldehyde in the condensed state, we conducted a controlled trypsin digestion of the nucleosomes (43) to cut N-terminal histone tails (Fig. S4D) while preserving the globular histone domains and the primary nucleosome core structure. As with intact chromatin, we observe nucleosome loops (Fig. S4E ) with nucleosome interaction patterns dominated by i Ϯ 1, i Ϯ 2, and i Ϯ 3 but with the proportion of i Ϯ 1 reduced as compared with intact chromatin (Fig. 4I) . The overall nucleosome interaction patterns are remarkably similar to modeling predictions for ϩLHϩMg chromatin (Fig. 2F) , further supporting the dominance of the 3 short-range internucleosome interactions (i Ϯ 1, i Ϯ 2, and i Ϯ 3) both in condensed and selfassociated chromatin fibers.
Chromatin Fiber Configuration from Modeling. Representative oligonucleosome models from the ϪLHϪMg, ϩLHϪMg, and ϩLHϩMg ensembles, each including 48 nucleosomes (Fig. 5) , illustrate the dramatic compaction trend upon addition of LH and Mg 2ϩ and the roles of each constituent in compacting chromatin. Without LH and Mg 2ϩ , an irregular zigzag fiber of width Ͻ30 nm with straight linker DNA forms, with frequent sharp turns (Fig. 5A) . Two distinct conformations for the linker DNAs are obtained: Crossed conformations where linker DNAs intersect after emerging from the nucleosome, and open conformations where they diverge from each other, also consistent with experiments (44, 45) . The 2 types of linker DNA trajectories are better assessed from their positional distribution plots (projected onto the nucleosomal and dyad planes; Fig. S5 ) and from the twin-peaked distribution of the angles formed by 3 consecutive nucleosomes (in Fig. S6) .
Specifically, modeling suggests that LH compacts chromatin drastically, from 4 to 7 nucleosomes/11 nm (Table 1) and increases fiber stiffness (as detected by the simulation ensemble fluctuation range) whereas eliminating sharp bends in the fiber (Fig. 5B) . The positional distribution of the linkers becomes narrower (Fig. S5 c  and d ) with a prominent peak at 39 o (Fig. S6b) . The resulting, more regular structure shows a zigzag fiber with straight linker DNAs and predominant i Ϯ 2 interactions (Fig. 5D ) compacted in an accordion-like manner consistent with AFM and cryo-EM observations (8, 23) .
As expected, divalent ions and LH cooperate to further compact the fiber (Fig. 5C ) consistent with EM observations (17) ; see also Fig. 1 . This compaction is characterized by a fiber architecture with mostly straight zigzag features, but with an emerging small population of bent linker DNAs leading to increased i Ϯ 1 and i Ϯ 3 interactions (Fig. 5E) . Perhaps contrary to intuition, this conformational heterogeneity promotes, rather than inhibits, chromatin fiber compaction. These features can be characterized by the widening of the linker DNA trajectory distribution (Fig. S5 e and f) and the biphasic distribution of the triplet angle resulting from bent and straight linker DNA; the 39 o peak associated with the pure zigzag is decreased, and the broad peak between 60 -120 o appears, associated with bent linker DNA (Fig. S6b) . However, despite this broad conformational variation, the resulting nucleosome chain folds into an energetically stable fiber with uniform diameter of 31-33 nm consistent with the diameters and extended stiff conformations of long chromatin fibers revealed by ultrastructural analysis in vitro and in situ (11, 17, 23) . Thus, our modeling and experimental approaches both converge to reveal a principle of chromatin fiber organization that reconciles the 2-start zigzag topology with linker DNA bending in one heteromorphic chromatin fiber structure.
Discussion and Conclusions
Our work provides evidence, by both modeling and experiment, of a heteromorphic chromatin fiber with both straight and bent linker DNA in the presence of linker histones and divalent ions for typical repeat lengths. Linker histones alter the trajectory of linker DNAs to promote greater interactions between alternate nucleosomes; divalent ions induce bending of a portion of linker DNAs, effectively reducing the number of linker DNA crossings at the chromatin axis; and internucleosomal interactions may laterally stabilize a compact state of chromatin, causing the chromatin fibers to become more compact and stiff. The increased fiber stiffness has the potential to inhibit communication between gene regulatory regions that form chromatin loops for active transcription (46) and is consistent with the recent structural analysis of the 16-kb heterochromatin region separating the differentially regulated FOA and ␤-globin genes (47) . The fibers in the presence of divalent ions are predicted to contain ϳ20% bent linker DNAs, bringing some consecutive nucleosomes closer. This value was obtained from modeling by measuring the average angle between the exiting linker DNA trajectory of 1 nucleosome and the entering linker DNA trajectory of the next nucleosome and taking the fraction with bending angle Ͼ90 o (see Fig. S6D ); note that a perfect zigzag would yield an average angle of 0 o , whereas a pure solenoid with 6 nucleosomes per term corresponds to 120 o . This suggests that the Mg 2ϩ -induced reduction in persistence length of linker DNAs introduces attractive internucleosomal interactions, due in large part to histone tail contacts [strength 3-4 k B T, where k B is the Boltzmann constant and T is the temperature (31)], offsetting the energy of linker DNA bending. Higher concentrations of Mg 2ϩ (2 mM and above) are shown to strengthen internucleosomal interactions and have been suggested to reinforce the nearest-neighbor contacts in the chromatin fibers forced to unfold by magnetic tweezers (15) . In unconstrained fibers, however, such Mg 2ϩ concentrations lead to extensive self-association (34) . This, however, does not eliminate the mixed straight/bent linker conformation as it is supported by simultaneous presence of i Ϯ 1 and i Ϯ 2 interactions in chromatin fibers condensed by 4 mM Mg 2ϩ . The resulting oligonucleosomes with mostly straight but some bent linker DNAs reconcile apparently contradictory evidence for straight (7) (8) (9) (10) or bent (48, 49) linker DNA conformations. Such heteromorphic fibers (with straight/bent linker DNA configurations) allow chromatin to achieve higher levels of compaction, because bent linker DNAs require fewer linker DNA crossings in the middle of the fiber and hence reduce electrostatic repulsion between DNA molecules. This fiber structure may also more easily accommodate local conformational variations of the nucleosome fiber resulting from the dynamic wrapping/unwrapping of nucleosomal DNA (6, 50) , rotational flexibility of nucleosomal DNA (2), and short periods of linker histone association/dissociation on linker DNA (51) .
Our modeling predicts a larger average electrostatic energy per i Ϯ 1 interaction (Ϫ0.27 kcal/mol) than for i Ϯ 2 (Ϫ0.63 kcal/mol). Consistent with previous notions that altered internucleosomal interactions could promote inter-fiber self-association (34, 52) , a hypothetical scheme on Fig. S7 suggests how the bent linkers may destabilize i Ϯ 1 interactions in cis (within fibers) and promote nucleosome interactions in trans (between fibers). Internucleosomal interactions in trans may account for partially interdigitated 30-nm fibers in the interphase nucleus (11) and for global chromatin condensation in metaphase chromosomes where divalent cation levels are sharply increased (53) and no distinct 30 nm fibers are observed (54) .
Future development of our modeling and EMANIC approaches could illuminate other aspects of native chromatin organization and suggest specific agents or protein factors capable of locking nucleosome arrays in active or silent configurations.
Methods
Mesoscale Modeling. Full details of the model, validation studies, and applications are described in SI Text.
Oligonucleosome Arrays. Nucleosome 12-mer arrays were constructed using nucleosome core-positioning sequence from the original clone 601 DNA (35) and reconstituted with chicken erythrocyte core and linker histone H5 essentially as described (38) . For more details of reconstitution, biochemical characterization, and ultracentrifugation of the reconstituted arrays see SI Text.
Formaldehyde Cross-Linking. Reconstituted nucleosomes (with and without histone H5) were prepared in 20-L aliquots with DNA concentration 50 g/mL in 10 mM HEPES, pH 7.5, 5 mM NaCl, and 0.1 mM EDTA. Some nucleosome aliquots were mixed either with 0.15 M NaCl (concentration of the 5 M stock solution was verified by refractometry, cat# S7653; Sigma) or 1 or 4 mM MgCl 2 (prepared from 1 Ϯ 0.01 M stock solution, cat# M1028; Sigma) and incubated for 15 min on ice and for 5 min at room temperature. A solution of 37% formaldehyde (ACS reagent; Fisher) was added to make samples contain 0.08% formaldehyde, and the samples were incubated for 5Ј at room temperature. An equal volume of the same reaction media (without formaldehyde) containing 100 mM glycine, pH 7.8, was added to quench the reaction, and the samples were dialyzed for 5 h against 10 mM Na-borate, pH 9.0, 0.1 mM EDTA to induce chromatin decondensation.
Electron Microscopy. Transmission EM of nucleosome arrays was conducted in dark-field mode. For more details of electron microscopy, data collection, and analysis, see Experimental Procedures in SI Text.
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